Here we report on mid-Oligocene globally synchronous Arctic dinoflagellate migration events, calibrated against chron C9n. We show that sudden appearances and marked abundance increases of the Arctic taxon Svalbardella at lower and middle latitudes coincide with the Oi-2b benthic ␦ 18 O glacial episode, dated as ca. 27.1 Ma. These unprecedented migrations are taken to indicate anomalously strong surface-water cooling during Oi-2b time, in turn associated with strong concomitant Antarctic ice-sheet growth and sea-level lowering. We estimate the duration of these unique Svalbardella migrations and the associated episode of profound cooling as ϳ500 k.y. Our records suggest a close link between this distinct Oligocene glaciation episode, strong sea-level fall, and the classic lower-upper Oligocene, or Rupelian-Chattian, boundary, dating this boundary as ca. 27.1 Ma.
INTRODUCTION
Although the nature of and mechanisms underlying the transition from the Eocene greenhouse world to the icehouse conditions of the early Oligocene have received wide attention (e.g., Prothero et al., 2003 , and references therein), detailed climatic and oceanographic studies of the remainder of the Oligocene are relatively scarce. It has become generally known that by the onset of the Oligocene, progressive global cooling resulted in the development of a significant Antarctic cryosphere (e.g., Zachos et al., 2001; DeConto and Pollard, 2003) . Furthermore, several global increases in deep-sea benthic foraminiferal ␦ 18 O records were identified throughout the Oligocene and Miocene, with the most characteristic ␦ 18 O maxima labeled as Oi and Mi events, glaciations, or zones (e.g., Miller et al., 1991 Miller et al., , 1998 Zachos et al., 1993 Zachos et al., , 1994 Zachos et al., , 1996 Zachos et al., , 2001 . The earliest Oligocene is characterized by a major ␦ 18 O maximum calibrated against chron C13n ca. 33.5 Ma, generally referred to as the Oi-1 glaciation (e.g., Miller et al., 1991) . Miller and coworkers identified other ␦ 18 O maxima in the Oligocene, labeled as Oi-1b, Oi-2, Oi-2a, Oi-2b, and Oi-2c, as well as a stillunnamed event or zone (e.g., Miller et al., 1991; Pekar et al., 2002) . These early records indicate that Oligocene climates were highly variable. The first high-resolution Oligocene planktic and benthic ␦ 18 O and ␦ 13 C records from equatorial Pacific successions have been published (Ocean Drilling Program [ODP] Leg 199; Wade and Pälike, 2004) . Throughout the interval spanning magnetochrons C9n to C11n.2n, three distinct episodes during which isotope values display above-average values (Ͼ2.90‰) have been correlated to Oi-2b, Oi-2a, *E-mail: stefaan.vansimaeys@geo.kuleuven.ac.be.
and Oi-2*, respectively. Furthermore, Wade and Pälike (2004) proposed that glaciations during the Oligocene were primarily driven by eccentricity cycles, but with enhanced probability of glaciations during intervals of low-obliquity amplitude variations.
In an effort to better understand the dynamics of these midOligocene glaciations, we analyzed several chronostratigraphically well calibrated, continuous mid-Oligocene sections from central Italy, offshore Tasmania (ODP Site 1168), and the North Sea Basin containing remains of typical surface-dwelling organisms, dinoflagellates (Fig. 1) . Dinoflagellates are single-celled, predominantly marine phytoplankton that typically occur as motile cells in surface waters (Fensome et al., 1996) . As part of their life cycle, many dinoflagellates produce pre- servable organic-walled hypnozygotic cysts (dinocysts). As indicated by the distribution of recent and Quaternary dinocysts (e.g., Marret and Zonneveld, 2003 , and references therein), many extant species are extremely sensitive to sea-surface temperature changes. This also appears to have been the case in the more distant past (e.g., Brinkhuis et al., 1998, 2003, and references therein; Crouch et al., 2001 ). Here we report on the finding of a particularly strong mid-Oligocene signal involving the migration of typical Arctic species toward lower latitudes.
MATERIALS AND METHODS
Three Northern Hemisphere pelagic sections, from central Italy (the Monte Cagnero, Pieve d'Accinelli, and Contessa sections), were studied ( Fig. 1 ). These Tethyan sections consist of marly limestones and jointly represent the entire Oligocene. Building on previous studies that yielded excellent biostratigraphy, magnetostratigraphy, and radiometric ages (e.g., Premoli-Silva et al., 1988; Montanari et al., 1991; Wilpshaar et al., 1996) , age models for these sections have recently been further improved (R. Coccioni, 2005, personal commun.) .
The North Sea Basin, home of the Rupelian (lower Oligocene) and Chattian (upper Oligocene) stratotypes, is one of the best-documented passive margin systems regarding Paleogene sedimentary facies history, biostratigraphy, and sequence stratigraphic interpretation. Several onshore and offshore North Sea sections were investigated for dinocysts , and dinocyst biostratigraphy allowed correlation with the well-calibrated central Italian sections. The results of these efforts have been incorporated in the present study.
From the Southern Hemisphere, we studied ODP Site 1168, located on the slope of the western margin of Tasmania (Fig. 1) . Site 1168A penetrated marine rift to open-marine sediments deposited from the early-late Eocene onward. The combined shipboard results indicate that the upper Eocene-Quaternary succession is essentially complete. We apply the age model for Site 1168 as constructed by Stickley et al. (2004) .
Samples were processed following standard palynological techniques (e.g., Brinkhuis et al., 2003) . Dinocyst assemblages were analyzed quantitatively. Relative abundances were calculated from 300 specimen counts; to further improve fidelity of our record of Svalbardella, at least one additional slide was scanned for specimens of this taxon. All material is stored at the Laboratory of Palaeobotany and Palynology, Utrecht University, The Netherlands.
SVALBARDELLA MIGRATION EVENT
Species referable to the genus Svalbardella (Fig. 2) are mainly known from the upper Eocene and lower Oligocene of Spitsbergen, the Norwegian-Greenland Sea, and the Labrador Sea (Poulsen et al., 1996; Eldrett et al., 2004 , and references therein). The paleogeographic distribution of Svalbardella thus strongly suggests that this genus constitutes a Northern Hemisphere cold-water Arctic taxon (Head and Norris, 1989; Brinkhuis et al., 2003) .
The dinocyst distribution patterns from the Tethyan Contessa, Monte Cagnero, and Pieve d'Accinelli sections show that representatives of Svalbardella are conspicuously present (as much as 10%) in a small distinct interval calibrated against (the middle and upper part of) chron C9n (Fig. 2) . The Svalbardella interval terminates before the onset of chron C8r, at a level near two volcanic-ash layers. These biotite-rich volcaniclastic ash layers are dated as 27.1 Ma for the lower layer and 26.7 Ma for the upper layer (R. Coccioni, 2005, personal commun.). The estimated duration for the entire Svalbardella interval in the three sections, on the basis of magnetostratigraphic ages and assuming constant sediment accumulation rates, is ϳ500 k.y. (Fig. 2) .
ODP Site 1168 yielded the first quasi-continuous Oligocene dinocyst record from the Southern Hemisphere (Brinkhuis et al., 2003) . Here, no Svalbardella are encountered before chron C9n. In a distinct interval calibrated against that chron, 8% of the total dinocyst assemblage consists of Svalbardella (Fig. 2) . The abundance of this genus gradually diminishes upsection, and Svalbardella finally disappears 3 m above its first occurrence.
In the North Sea Basin, complete sections straddling the midOligocene are rare because strong mid-Oligocene (top Rupelian) sealevel fall and subsequent (base Chattian) transgression have removed the critical interval in most cases (see also discussions in, e.g., Miller et al., 1998) . Svalbardella, if found at all, has so far only been picked up as isolated, reworked specimens in basal Chattian successions . A borehole in the central North Sea was found to contain a relatively complete Rupelian-Chattian (R-C) transition and includes a clear Svalbardella spike. Available biostratigraphic constraints correlate this event precisely to mid-chron C9n (Van Simaeys, 2004) .
The uniqueness of the Svalbardella migrations is reminiscent of the well-known Apectodinium (dinocyst) acme that marks the PaleoceneEocene Thermal Maximum (PETM; e.g., Crouch et al., 2001) . Whereas during the PETM tropical species (Apectodinium) migrated toward high latitudes, here we have the reverse situation: a high-latitude species moving toward the equator.
MINIMUM OLIGOCENE SEA-SURFACE TEMPERATURES ASSOCIATED WITH THE Oi-2b EVENT
Our findings are indicative of a distinct, cross-hemisphere, apparently synchronous event involving Arctic species migrating toward, and even across, the equator during the mid-Oligocene, C9n time. Because representatives of Svalbardella are only known to consistently occur in the Eocene and Oligocene at northern high latitudes, our records indicate that a marked cooling of sea-surface water temperatures allowed these species to appear at distinctly lower latitudes. Because these taxa have not been recorded from Eocene or Oligocene deposits at southern high latitudes (i.e., taking the ODP 1168 results as representative of southern middle latitudes), the record is strongly suggestive of transequatorial migration. However, since early Oligocene Southern Hemisphere high-latitude dinocyst records are scarce (see overview in Brinkhuis et al., 2003) , this may turn out to be a sampling artefact. In any case, we attribute the multiple migration pulses by Svalbardella spp. toward low-middle latitudes to distinct episodes of anomalously strong global surface-water cooling.
This migration episode, given its calibration against chron C9n, has an age of ca. 27.5 to 27.0 Ma, which is consistent with the timing of one of the previously found deep-sea benthic foraminiferal ␦ 18 O events, the Oi-2b event (e.g., Miller et al., 1991 Miller et al., , 1998 Fig. 2) . This event or phase is also recognized in the benthic ␦ 18 O record from ODP Sites 689 and 690, Maud Rise, coincident with chron C9n (Kennett and Stott, 1990) . The benthic ␦ 18 O values rank among the heaviest recorded in the Oligocene and would require ice volume exceeding that of the present day (Zachos et al., 1994) . Also in the high-resolution record from the equatorial Pacific (Wade and Pälike, 2004) , the heaviest benthic oxygen isotope values (3‰) are recorded in chron C9n. However, because this interval is often missing in deep-sea sections as a result of erosion, it is not well represented in Cenozoic benthic ␦ 18 O global compilations (e.g., Zachos et al., 2001) . Moreover, Wade and Pälike's (2004) record includes an anomalous trend toward positive ␦ 18 O values of surface-water organisms from the base of C9n onward, attributed by them to apparent cooler surface-water conditions. In summary, combined evidence, but notably the unique, apparently globally synchronous Svalbardella pulses in chron C9n and the conjunction with the Oi-2b event, favors a scenario of episodes of strong global surface-water cooling and concomitant Antarctic icesheet growth. In turn, the decline in numbers of Svalbardella closely matches the termination of this phase. Here, for the first time, we show a one-to-one correlation between a sea-surface signal (migration events of Svalbardella) and a cluster of global deep-sea benthic foraminiferal ␦ 18 O events, known as Oi-2b or 67 Ol (Wade and Pälike, 2004) . Wade and Pälike (2004) demonstrated that the array of Oligocene glaciations has strong periodicities of 405 k.y. and 1.2 m.y. Yet, our data indicate that the Oi-2b episode was unique, and the strongest of all Oligocene glacials.
IMPLICATIONS FOR THE R-C BOUNDARY
Both the classic lower and upper Oligocene unit stratotypes (Rupelian, Chattian) were defined on the basis of southern North Sea Basin successions. Despite the fact that regional biostratigraphies achieve high resolution, chronostratigraphic calibration of these successions to international time scales remains problematic. This is mostly because of the marginal to restricted marine setting of the basin, the weak paleomagnetic signal, and the near absence of traditional, age-indicative calcareous microfossils. The current global criterion for the recognition of the R-C boundary-that is, the demise of the planktonic foraminiferal genus Chiloguembelina, thought to occur in mid-chron C10n (e.g., Berggren et al., 1995)-is not applicable in the remote North Sea Basin . Hence, the whereabouts of the R-C boundary is problematic. Multiple lines of evidence indicate that the chiloguembelinid extinction is globally time transgressive, from the early Oligocene at high latitudes, to the middle and late Oligocene at low latitudes (e.g., Stott and Kennett, 1990; Berggren, 1992; Leckie et al., 1993) . In central Italy, the demise of Chiloguembelina is consistently found within chron C9n (R. Coccioni, 2005, personal commun.) rather than within C10n, and thus conspicuously in close concert with the Svalbardella migrations.
The coincidence of these biotic events points to a common underlying mechanism, the cooling of surface waters. We have shown that the decrease in sea-surface temperature is coeval with an episode of deep-water cooling, ice-sheet expansion, and significant sea-level fall (ϳ60 m; Wade and Pälike, 2004) during the middle and upper part of chron C9n. Subsequent warming during chron C8 and younger times led to renewed sea-level rise. Given the available dinocyst data and their close relationship with the extinction of the chiloguembelinids, the end-Rupelian sea-level fall, and the base Chattian sea-level rise, we attribute the ϳ500 k.y. episode of maximum Oligocene glaciation and the corresponding sea-level fluctuation to be genetically related to the boundary between these two stages. It follows that this boundary should not be placed within chron C10n, but in the younger chron C9n.
CONCLUSIONS
Detailed dinocyst studies have been carried out on several midOligocene sequences in both hemispheres, and the results have been directly calibrated with the Global Polarity Time Scale (Berggren et al., 1995) . This has allowed the recognition of a globally synchronous Svalbardella migration phase, calibrated against the interval represented by chron C9n. The sudden abundance of this Arctic cold-water taxon at lower latitudes coincides with the ␦ 18 O Oi-2b event, dated as ca. 27.1 Ma (Miller et al., 1998) . Combined evidence suggests that sustained atmospheric cooling triggered these migrations, and that significantly intensified ice-sheet growth caused the R-C sea-level change. The unique Svalbardella migrations apparently represent an ϳ500 k.y. episode of maximum Oligocene glaciation.
